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Tornado extraction: A method to enrich and purify RNA from tion factors, adhesion molecules, growth factors and their
the nephrogenic zone of the neonatal rat kidney. receptors. Nevertheless, the development of the kidney
Background. Development of the kidney is a complicated is highly sophisticated and under strict controls of theand tightly regulated process. Although several genes responsi-
differentiation and spatial assembly of several cell line-ble for the renal development have been identified to date,
ages. Our knowledge base in understanding the entirethe precise mechanisms of spatial and temporal regulation re-
main to be elucidated. Therefore, expanding our knowledge framework of nephrogenesis is still small, which prompted
of molecules that are associated with nephrogenesis will be us to explore further for genes using other strategies.
helpful to understand the whole process. In contrast to human newborns, the kidney of neonatalMethods. To extract RNA selectively from the nephrogenic
rats is still under structural development. In the corticalzone of the developing kidney, we developed a simple and
nephrogenic zone, nephrons are in early stages of the de-reliable method.
Results. This method, named “tornado extraction,” enriched velopment showing primitive structures such as the mes-
RNA of the nephrogenic zone by about 30-fold. In combination enchymal condensation and the comma-shaped bodies
with the suppression subtractive hybridization, a considerable
that are surrounded by immature mesenchymal cells [4].number of genes that were differentially expressed in the neph-
Glomerular components including endothelial cells androgenic zone were obtained. These genes included a series of
endodermal markers such as albumin and -fetoprotein as well mesangial cells are being integrated into immature neph-
as GDNF (glia-derived neurotrophic factor), osteoblast-spe- rons at the capillary-loop stage, while tubules and col-
cific factor-2 (OSF-2)/periostin and fetuin (one of the major lecting ducts are also under growth and differentiation
serum proteins in the fetus).
in order to accommodate further development of theConclusion. Tornado extraction has great value in studying
kidney size [4, 5]. Therefore, searching genes that aregenes in the nephrogenic zone of the developing kidney. Since
the quality of RNA obtained by this method is excellent, tor- exclusively expressed in the nephrogenic zone is an in-
nado extraction is suitable in combination with other tech- triguing issue to further understand the mechanism of
niques including the subtractive hybridization method and the nephrogenesis.DNA microarray analysis.
To discover candidate genes that may be relevant to
the nephrogenesis, we decided to identify genes that are
differentially expressed in the nephrogenic zone of the
Development of the kidney has been extensively stud-
neonatal rat kidney in comparison with the adult rat
ied as a model of organogenesis and vasculogenesis. These
kidney, because temporal up-regulation of genes sug-
studies were achieved by using morphological analysis,
gests that they may actively contribute to the develop-
microsurgery, in vitro cultivation, microchemistry, tar-
ment of the kidney. Alternatively, such genes may begeted mutation and other transgenic technologies [1–3].
useful as markers to define cellular lineages or develop-To date, a number of genes that are indispensable for the
mental stages.nephrogenesis have been identified including transcrip-
In the present study, we developed a new RNA extrac-
tion method named “tornado extraction” in order to ex-
tract RNA selectively from the nephrogenic zone of theKey words: nephrogenesis, subtractive hybridization, microarray, em-
bryonic kidney, renal development. neonatal rat kidney. Efficiency of the enrichment was
estimated at about 30-fold. This method allowed the pu-Received for publication August 28, 2001
rification of a sufficient amount of RNA from the neph-and in revised form April 1, 2002
Accepted for publication April 22, 2002 rogenic zone of the kidney without using any tedious
micro-dissection techniques. Importantly, the quality of 2002 by the International Society of Nephrology
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RNA obtained by tornado extraction from the nephro- SELECT system (Clontech, Palo Alto, CA, USA) accord-
genic zone was sufficiently excellent to provide poly (A) ing to the manufacturer’s instructions. All synthesized
RNA of high quality. We analyzed differentially expressed cDNA sets were cut with a 4-base cutter, RsaI, and were
genes in the nephrogenic zone in combination with the ligated to the adaptors supplied in the kit. Thermal cy-
suppression subtractive hybridization analysis (SSH), a cling was performed as described in the manufacturer’s
method that is composed of normalization (self-subtrac- instructions except for the cycling number. The sub-
tion), subtraction and polymerase chain reaction (PCR) tracted cDNA pools were amplified by the combination
[6]. Within the limited number of sequences in our stud- of 30 cycles at the first PCR and 14 cycles at the second
ies, a number of genes were identified, such as albumin,
nested PCR. The final SSH products from the nephro-
-fetoprotein, transferrin, inter-alpha-trypsin inhibitor
genic zone-enriched cDNA pool were separated in 2%and fibrinogen, which are thought to be definitive endo-
agarose gel electrophoresis, and the products over 100 bpdermal markers [7, 8]. We also found that OSF-2/perios-
were extracted from the gel. The recovered sequencestin was rich in the nephrogenic zone. Thus, tornado ex-
were ligated to pSTBlue-1 plasmid vectors (Novagen,traction is a useful tool to study transcripts in the
Madison, WI, USA). The resultant nephrogenic zone-nephrogenic zone.
enriched cDNA library was introduced into E. coli DH5,
and plated onto LB agar plates containing 100 g/mLMETHODS
of ampicillin. Anonymously chosen clones were sub-
Animals jected to cDNA sequencing by using Big Dye terminator
One-day-old and six-week-old Sprague-Dawley (SD) cycle sequencing system on an ABI Prism 310 DNA
rats were used. Rats were anesthetized by intraperito- sequencer (Applied Biosystems, Foster City, CA, USA).
neal administration of pentobarbital. Then the kidneys BLAST was used for searching existing databases.
were removed surgically and immediately dipped in liq-
uid nitrogen to freeze. All procedures were approved Northern blot analysis and in situ hybridization
by the Osaka University School of Medicine Animal
Fifteen micrograms of RNA per lane were electropho-Committee.
resed through 1.5% agarose/2% formaldehyde gel, were
RNA extraction transferred onto nylon membrane and were fixed to the
membrane with UV. The membrane was hybridized atOne by one, kidneys were obtained from one-day-old
SD rats and were stored in liquid nitrogen until 60 kid- 42C overnight with radioactively labeled cDNA frag-
neys were collected and stored. Then, the frozen kidneys ments, and were washed twice in 2 standard sodium
were transferred into a fresh 50-mL conical tube that citrate (SSC)/0.1% sodium dodecyl sulfate (SDS) at room
was filled with liquid nitrogen. During this step, the tube temperature, then twice in 0.1 SSC/0.1% SDS at 65C.
was held in a jar filled with liquid nitrogen to prevent The membrane was then exposed to Kodak X-AR film
accidental activation of RNase. The tube into which all (Kodak, Rochester, NY, USA). For in situ hybridization,
kidneys were transferred was left at room temperature to rats were anesthetized and perfused. Tissues were fixed
evaporate the liquid nitrogen, and the tube was gently
with 4% paraformaldehyde at 4C for six hours and wereswirled in order to prevent aggregation of kidneys. Once
embedded in paraffin. Four-micrometer-thick paraffinthe liquid nitrogen evaporated completely, 30 mL of RNA
sections were hybridized with cRNA probes. The cRNAextraction buffer (Trizol; Life Technology, Paisley, UK)
probes were labeled with digoxigenin and detected bywere added. Immediately, the tube was vortexed at the
a digoxigenin detection system (Boehringer Mannheimmaximum speed for 20 seconds at room temperature,
GmbH, Mannheim, Germany) according to the manu-and the extraction buffer was quickly transferred to a fresh
tube by decantation. Plenty of the buffer at room temper- facturer’s instruction. The sections were stained with
ature was used to avoid freezing the buffer when it was methyl green to visualize the nuclei.
mixed with frozen kidneys in the tube. Finally, RNA in
the extraction buffer was purified according to the manu- Immunohistochemistry
facturer’s instruction. Poly (A) RNA was prepared with Paraffin-embedded tissues also were subjected to im-
the Oligotex mRNA purification kit (Takara, Shiga, Ja-
munohistochemistry. Four-micrometer thick sections werepan). Another set of RNA was purified from whole kid-
stained with mouse anti-fetuin monoclonal antibody thatneys of three neonatal or adult rats as well.
was described previously [9]. Signals were visualized by
Suppression subtractive hybridization and the ABC kit (Vector Laboratories, Burlingame, CA,
cDNA sequencing USA). The sections were observed under a microscope
(Eclipse E600; Nikon, Tokyo, Japan), and all images wereSuppression subtractive hybridization (SSH) was car-
ried between two Poly (A) RNA sets using the PCR- captured by a digital imaging system.
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Fig. 1. Schematic of the tornado extraction
method. The frozen part of the kidney is desig-
nated by the gray color. (1) Kidneys are dipped
into liquid nitrogen. (2) Kidneys start freezing
from the subcapsular region. (3) Kidneys to-
tally freeze. (4–5) Kidneys begin thawing from
the subcapsular region in the RNA extraction
buffer. (6) Vortex facilitates extracting RNA
from the thawing subcapsular region.
RESULTS AND DISCUSSION lected clones. GDNF that is secreted from the tip of the
branching ureteric bud plays an indispensable role inTo identify genes specific to the nephrogenic zone,
nephrogenesis [10]. While GDNF was easily identifiedwhich is composed of the mesenchymal stroma and the
in the present study, it did not come up as a differentiallyimmature nephron such as the mesenchymal condensa-
expressed gene in our previous analysis of 200 clonestion, the comma-shaped body, the S-shaped body and
collected by SSH using the whole kidney of neonatalthe tip of the branching ureteric bud, we established
rats as the tester (our unpublished results). Presumablythe new tornado extraction method. Tornado extraction
this was because the expression of GDNF was highly re-allowed us to extract RNA selectively from the subcapsu-
stricted to the tips of the ureteric bud, which were scat-lar nephrogenic zone of the developing kidney. This tech-
tered only in the nephrogenic zone. Our result also showednique does not require any special equipment, is very
that a series of endodermal markers such as albumin,easy to follow, and no special skill is needed to perform
-fetoprotein, transferrin, inter--trypsin inhibitor, andthe process.
fibrinogen were expressed in the developing nephronThe theoretical background for the tornado extraction
(albumin and inter--trypsin inhibitor are shown in Figs.technique is very simple (Fig. 1). During the procedure,
2 and 5, respectively). Again, these genes were never iden-RNA in the subcapsular region is free from RNase be-
tified in our previous attempt, where the tester RNAcause the surface freezes quickly in liquid nitrogen. RNA
was extracted from the whole kidney of neonates (dataextraction buffer lyses only the subcapsular region of
not shown). In other words, it is obvious that the tornadofrozen kidneys because it takes more time for the core of
extraction method of the neonatal kidney efficiently en-frozen kidneys to thaw and to contact with the extraction
riched the RNA of the nephrogenic zone, and that thebuffer. Vigorous vortexing helps the efficient and uni-
combination of tornado extraction and SSH greatlyform extraction of RNA from the cortical nephrogenic
aided the identification of genes specific to the nephro-zone. Tornado extraction is named after the swirling ex-
genic zone.traction buffer. From 60 neonatal rat kidneys, an average
More than 10 years ago the existence of endoderm-of 400 g of RNA was obtained, while one whole kidney
specific genes such as albumin and -fetoprotein wasat this age contained about 200 g of RNA. Therefore,
found in the developing nephron independently [11–14].RNA in the cortical nephrogenic zone was enriched ap-
Albumin and -fetoprotein also are expressed in lungproximately by 30-fold. Since quality and quantity of
and heart of fetuses or neonates [11, 15, 16]. At least inRNA obtained by this method is excellent and its proce-
the case of albumin and -fetoprotein, both of which aredure is quite simple, we believe that tornado extraction
adjacently located on chromosome 4 in human, 14 in rat,is the best method to purify RNA from the nephrogenic
and 5 in mouse, it seems that hepatocyte nuclear factor 1zone of the developing kidney.
(HNF1), a transcription factor, seems to play a funda-Subsequently, we attempted to find genes that were
differentially expressed in the nephrogenic zone by using mental role for the expression of both genes in the devel-
oping nephron. HNF1, when mutated, is responsible fora combination of the tornado extraction and SSH meth-
ods. Glia-derived neurotrophic factor (GDNF) was iden- maturity-onset diabetes of the young-3 (MODY3) [17].
Deletion of the HNF1 binding site from the albumintified in the first round sequencing of anonymously se-
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promoter removes almost all promoter activity in the
presence or absence of enhancers, whereas the site itself
contributes little to direct stimulation of the transcription
[18]. Homozygous HNF1-deficient mice suffered from
renal tubular dysfunction [19], which implies a role for
HNF1 in renal development. However, the roles of albu-
min and-fetoprotein in renal development are still enig-
matic. It is noteworthy that the existence of these endo-
derm-specific genes does not present any consistent
relationship with embryonic origin, although the expres-
sion of these genes is often referred to as evidence of
endodermal derivation or sometimes as proof of hepato-
cytes in vivo and in vitro [7, 8]. At the very least, unusual
expression of these genes can be used to define the devel-
opmental stage of the nephron.
Messenger RNA of fetuin/2-HS-glycoprotein, a fetal
plasma protein synthesized mainly in liver, also was iden-
tified in the developing nephron (Fig. 2). Localization
of fetuin mRNA was highly restricted to the nephrogenic
zone of the neonatal kidney (Fig. 3A), while fetuin pro-
tein product was localized to more mature nephrons and
collecting tubules (Fig. 3B). It is known that fetuin is
expressed in a wide range of tissues including fetal kidney
[20, 21]. Despite its abundance and widespread occur-
rence, the function remains unknown. Recently, it has
been reported that fetuin modifies the function of trans-
forming growth factor- (TGF-), bone morphogenic
protein (BMP) and hepatocyte growth factor (HGF) in
vitro [22, 23]. Since all of these cytokines are relevant
in the nephrogenesis, fetuin may play a pivotal role in the
nephrogenesis by regulating these factors. The temporal
expression pattern of fetuin mRNA in the developing
kidney displayed a transient increase 2 days after birth
(Fig. 4), which is reminiscent of reports that the expres-
sion level of fetuin mRNA fluctuates significantly ac-
cording to the developmental stage [20, 21, 24].
Among the genes identified in this study, osteoblast-
Fig. 2. Northern blot analysis of the differentially expressed genes.specific factor 2 (OSF-2)/periostin is a unique gene [25].
Fifteen micrograms of RNA was used for the Northern blot analysis.Originally, OSF-2/periostin was cloned from a mouse oste- The filter was exposed to a film at 70C. (A) albumin; (B) fetuin/2-
oblastic cell line [25]. OSF-2/periostin mRNA, whose HS-glycoprotein; (C ) OSF-2/periostin; (D) GAPDH. Panels A, B and
D are from an overnight exposure, and panel C is a one week exposure.protein product has a signal sequence without any trans-
(Lane 1) RNA obtained from the nephrogenic zone of 1-day-old ratmembrane regions, is expressed in bone and to a lesser kidneys by tornado extraction; (lane 2) RNA obtained from whole
extent in lung, but not in other tissues including kidney kidneys of 1-day-old rats; (lane 3) RNA obtained from whole kidneys
of 6-week-old rats; (lane 4) RNA obtained from liver of 1-day-old rats;[25]. Because of homology to insect fasciclin I, OSF-2/
(lane 5) RNA obtained from liver of 6-week-old rats. To make the probes,periostin might function as a homophilic adhesion mole- a 400 bp RsaI-HindIII fragment of rat albumin cDNA, a 200 bp PstI-
cule in bone formation [25]. Our rat 300 bp sequence RsaI fragment of rat fetuin cDNA, and a 300 bp of rat OSF-2/periostin
cDNA were used as the templates for making the probes.showed over 90% homology against mouse and human
OSF-2/periostin, and therefore it was concluded as rat
OSF-2/periostin. In the kidney, OSF-2/periostin mRNA
was identified only in RNA of the subcapsular region periostin was not expressed in liver; OSF-2/periostin was
that was obtained by the tornado extraction method, and more consistently expressed in the kidney during neph-
not in RNA of the whole kidney when the Northern blot rogenesis (Fig. 4). However, in situ hybridization to lo-
membrane was exposed to a film overnight. A one-week cate the expression of OSF2/periostin in the neonatal
exposure showed the signal in the whole kidney (Fig. 2). kidney has not worked thus far. Therefore, it is possible
that the identification of OSF2/periostin might comeIn contrast to other genes shown in Figure 2, OSF-2/
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Fig. 3. (A) Rat fetuin is expressed in the developing nephron of a one-day-old rat kidney. A digoxigenin-labeled cRNA probe was made. A
200 bp PstI-RsaI fragment of rat fetuin cDNA was subcloned into PstI-SmaI cut pGEM-3Z vector (Promega), and was used as the template for
making the cRNA probe. In situ hybridization analysis revealed that rat fetuin was expressed mainly in the developing nephron, such as the
comma-shaped body and the S-shaped body. Glomeruli, ureteric bud and vascular components do not express fetuin. The sections were counterstained
with methyl green. (B) Immunohistochemical analysis of rat fetuin protein in the 1-day-old rat kidney. Paraffin sections were incubated with anti-
rat fetuin monoclonal antibody, then with anti-mouse immunoglobulin antibody. Fetuin protein products are only seen in tubules in the medulla.
The sections were counterstained with methyl green.
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Fig. 5. Expression of inter--trypsin inhibitor heavy chain 3 in RNA
obtained by tornado extraction. Fifteen micrograms of RNA was used
for the Northern blot analysis. The filter was exposed to a film at 70C
overnight. (A), inter--trypsin inhibitor; (B), GAPDH. (Lane 1) RNA
obtained from the nephrogenic zone of 1-day-old rat kidneys by tornadoFig. 4. Temporal expression pattern of fetuin and OSF-2/periostin
extraction; (lane 2) RNA obtained from whole kidneys of 1-day-oldmRNA. The temporal expression pattern of fetuin and OSF-2/periostin
rats; (lane 3) RNA obtained from whole kidneys of 6-week-old rats.mRNA in the developing kidney was analyzed using Northern blot
An 890 bp RsaI-RsaI fragment of rat inter--trypsin inhibitor cDNAanalysis. A 200 bp PstI-RsaI fragment of rat fetuin cDNA and a 300 bp
was used as the template for making the probes.rat OSF-2/periostin cDNA were used as the templates for making the
probes. (A) fetuin (overnight exposure); (B) OSF-2/periostin (1 week
exposure); (C ) GAPDH as the control (overnight exposure). (Lane 1),
1-day-old rat whole kidney; (lane 2), 2-day-old rat whole kidney;
(lane 3), 5-day-old rat whole kidney; (lane 4), 10-day-old rat whole because developmentally regulated genes are sometimeskidney; (lane 5), 20-day-old rat whole kidney; (lane 6), 6-week-old rat
up-regulated during oncogenesis [32]. In fact, there is awhole kidney.
type of renal carcinoma secreting -fetoprotein [33, 34].
Since the quality of RNA obtained by this method is
excellent, tornado extraction is suitable in combination
from the difference of cellular composition in the neo- with other techniques including the DNA microarray
natal kidney and the adult kidney: the neonatal kidney analysis, and further studies are currently under way.
might be rich in a type of cells expressing OSF2/periostin,
which might be sparsely scattered in the adult kidney. ACKNOWLEDGMENTS
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